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Abstract 
The paper presents a holistic methodological approach for designing flexible production systems, integrating the management of the 
production resources, operations planning, internal logistics and quality. The proposed methodology relies on lean principles and 
encompasses a series of stages and tools that may be used to design and to assess the robustness of the production system for 
tackling small series and frequent changes in the productive processes due to customized production. This approach has been 
applied to the redesign of the production system of a Portuguese machinery manufacturing industrial company. Results show that it 
effectively led to a new flexible production system and a new industrial layout capable of responding to diverse future scenarios of 
products demand.  
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1. Introduction 
The efficient design of flexible production systems to 
tackle customized products in small series is key for 
increasing competitiveness [1]. A current business trend 
is to offer a larger number of products with a higher 
level of customization, according to the costumer 
requests, produced under strict quality requirements, and 
with shorter production lead times. Consequently, the 
production systems with origin in the shop floor [2] need 
to be designed in a flexible way in order to cope with the 
frequent changes in the productive processes that affect 
the type and sequence of operations to be performed. For 
this purpose, polyvalent production equipment needs to 
be managed in order to reduce the setups. The physical 
arrangement of the equipment in the layout should 
minimize the need to transport the materials between 
consecutive operations. New flexible and dynamic 
internal logistics infrastructures are further needed for 
dealing with rapid and safe materials movements. 
The literature review shows that Lean Manufacturing 
principles and tools are becoming quite popular for 
improving production systems by eliminating the 
expenditure of resources that do not contribute directly 
for creating value as perceived by the customer (e.g. 
[3]). In particular the practitioner-oriented literature 
presents many real-world cases where lean tools were 
applied to improve some of the aspects of flexible 
production systems design such as capacity planning, 
operations management, industrial layout design and 
internal logistics design. The application areas are quite 
diverse (ranging from industrial sectors like automotive, 
aircraft to services like and waste recycling (e.g. [4] to 
[7]), empirically-driven and affected by many case-
specific factors (including cultural, technological and 
industrial differences).  
Proper methodologies for lean implementations are 
still under debate in practitioners and scientific 
communities and holistic approaches are rarely found. 
Some authors [8], [9] propose methodologies based on 
the Systems-of-Systems theory for adopting the lean 
principles in a systemic perspective. Other authors [10] 
use an axiomatic design-decomposition methodology for 
designing the whole production process taking into 
account the system and design objectives s well as their 
relations. Still others (e.g. [11] to [13]) emphasize the 
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need to develop indicators and provide measures of the 
lean production. 
Further holistic approaches are needed to extend lean 
principles and creating synergies among the interrelated 
aspects of production systems design. In fact, the 
characteristics of an industrial layout may pose 
constraints to operations planning and equipment 
physical location, while improvements in the layout and 
the logistics infrastructure may emerge from a more 
flexible planning of the production operations. 
Furthermore, a common diagnosis of the current status 
of the production system may lead to a more detailed 
blueprint and help to save time avoiding repetitive data 
gathering processes. 
This paper presents a lean-based holistic 
methodological approach for designing flexible 
production systems, integrating all relevant components, 
including the management of the production resources, 
operations planning and scheduling, and internal 
logistics. 
The paper starts by describing the methodology for 
integrated design of production systems. The focus will 
be in describing the main stages of the methodology 
together with the set of tools that may be used to support 
each stage. The paper will further describe the 
application of this methodological approach to redesign 
the production system of a Portuguese machinery 
manufacturing industrial company. Brief insights about 
the organization of the project for designing production 
systems in collaboration with the practitioners of the 
industrial company are further discussed. 
2. Proposed methodological approach 
The methodology developed in this work 
encompasses a series of stages and a set of tools 
(toolbox) that may be used to design and to assess the 
robustness of a production system for tackling small 
series and frequent changes in the productive processes 
due to customized production (see table 1). 
Lean production provides the theoretical background 
for some of the key methodological stages. The Value 
Stream Mapping (VSM) technique [14] is used for 
analyzing the product flows across the production 
system, similarly to other empirical studies (e.g. [15], 
[16]) .Yet, the lean production techniques are here 
complemented by other empirical tools driven by the 
experience of two consultancy and research 
organizations specialized in lean applications. 
The first stage of the methodology – project start up – 
starts by establishing the scope of the analysis, including 
the definition of the VSM families of products that will 
be studied. The VSM families are clusters of products 
that share the same resources and have similar 
production operations. The clusters are identified using a 
product-resource matrix [17], often built using only the 
product references that the customer considers priority 
or references class “A” according to a ABC analysis [17] 
on the sales (10-20% of the references that are 
responsible for 80% of the sales). Afterwards, the 
information for characterizing the production system is 
compiled by the customer in a new software – PsCap 
(Production Systems Capacity Model) -, from the 
company’s information systems and from measurements 
performed in the shop floor. Relevant information 
includes: description of working schedules, detailed 
description of the production and logistics equipment 
(including OEE Overall Equipment Effectiveness) and 
workers profiles, demand for the VSM product families 
(current and future estimates), identification of suppliers, 
main clients and industrial units.  
The second stage of the methodology is instrumental 
for providing a common diagnosis of the current 
situation (AS IS), in order to support the subsequent 
design of all the components of the flexible and 
integrated production system. The VSM technique is 
used for providing a representation of the production 
process, including the main operations, transport 
activities, stocks, product and information flows. The 
VSM representation is interactively built with the 
company’s experts on the walls of the project team room 
using the post-it method. Most of the VSM 
representation is built based on the survey conducted 
during the visit to the locations where the production 
process takes place (also called gemba in the lean 
terminology). The information flow comes from the 
process mapping exercise that captures the chronological 
sequence of the tasks performed since the placing of the 
costumer order until the delivery of the products to the 
costumer. The VSM objects are documented in a new 
software – PsFlow (Production Systems Flow Model) - 
which also provides a semi-automatic representation of 
the VSM in MS Visio. The tool provides a link to the 
PsCap, includes the measurements of the cycle time for 
the VSM operations and transportation times, computes 
the stock autonomy and a set of KPIs that characterize 
the current situation, including the production lead time, 
added-value time and total distance (see table 2). 
This stage further includes the description and 
analysis of the current business processes that relate to 
the production process (e.g. sales, materials acquisition, 
order expedition). PsFlow also supports the 
documentation of the processes. Flowcharts may be 
drawn in MS Visio or other Process Management 
software tool, using a standard notation (e.g. BPMN) or 
other notation provided by the costumer. Whenever 
relevant, spaghetti diagrams [18] may be drawn to 
highlight the current product flows across the equipment 
placed over the physical industrial layout. 
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The next stage provides an in-depth analysis of the 
improvement opportunities that arise from the analysis 
of the VSM and business processes. PsFlow also 
supports the analysis and planning of these improvement 
opportunities. 
The fourth stage of the methodology addresses the 
design of the future flexible production system, 
integrating the management of the production resources, 
operations planning and scheduling and internal 
logistics. The main drivers for the future Value Stream 
Design (VSD) representation come from the company’s 
strategy (namely the target takt time and the expected 
demand for the VSM family), the implementation of the 
improvement opportunities and the results of a make-or-
buy analysis that covers the externalization of some of 
the operations based on its perceived criticality and other 
financial indicators. Other drivers come from the critical 
assessment of the VSM that among other aspects looks 
for improving the cycle time of the operations and 
reducing waste (muda) corresponding to stocks, 
transport activities and non-value added operations. 
 
 
Table 1 – Stages, sub-stages and tools of the methodology for an integrated and flexible design of production systems 
Stages Sub-stages Tools of the Toolbox 
Project start-up:   
 Establish the scope of the analysis Quick VSM; Matrix product-resource; ABC analysis  
 Kick-off meeting Standard Presentation 
 Data gathering PsCap software 
Diagnosis of current production system:  
 Visit to the Gemba Gemba form (in PsCap software) 
 Analysis of the KPIs for current system PsFlow software 
 Visit to the Gemba-business processes Gemba-process form (in PsCap software) 
 Documentation of the current business processes Process mapping; BPMN; Post-it method 
 Value Stream Mapping (VSM) VSM and best practices; Post-it method; PsFlow software 
 Computation of the KPIs for current system PsFlow software 
 Simulation of the current product flow Spaghetti diagram 
Improvement opportunities (IO):  
 Identification and analysis of the IO PsFlow software 
 Planning of IO Project management software 
Design of the future flexible production system:  
 Make-or-buy analysis MakeOrBuy file 
 Value Stream Design (VSD) VSD representation; PsFlow software 
 Computation of the KPIs for the future system PsFlow software 
 Scaling the production and logistics equipment PsFlow software 
 Design of future business processes BPMN 
 Simulation of the future product flow Simulation software 
 ROI computation Financial analysis software 
Robustness analysis:  
 Scenarios analysis PsFlow software 
Layout design:   
 Resource clustering Proximity matrix 
 Location of the equipment in the layout Industrial plant 
 Design of the logistics infrastructures PsFlow software 
Project ending:   
 Design of the implementation plan Project management software 
 Closing meeting Standard presentation 
 
 
Lean tools for reducing muda include production 
balancing through the use of logistics and sequencing 
boxes, supermarket locations for storing highly used 
materials, using a logistic train (mizusumashi) for 
feeding the supermarkets, and implementing a “pull” 
planning system by kanbans. The production flow in the 
resulting VSD becomes pulled by the customers’ orders 
for Make-to-Order (MTO) products, and by the 
replenishment orders for Make-to-Stock 
(MTS)/Assembly-to-Order (ATO) products. The MTO 
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and MTS characterization is the outcome of an ABC 
analysis. This stage further includes sizing supermarkets, 
workstations and production lines, as well as designing 
the logistics equipment for materials movement using 
the PsFlow software.  
The reduction of the production time contributes for 
increasing the flexibility of the production systems in 
tackling small series and customized products. 
Flexibility is further achieved by looking for a common 
production system, where differentiation for each VSD 
family occurs later in time, depending on the actual 
customers’ orders. To perform this analysis, specific 
workshops are promoted as a way to study the potential 
of integrating VSDs of distinct VSM product families.  
This integrated approach extends common VSD 
practices by supporting the design of future business 
processes as a consequence of VSD. Such processes will 
improve the information flows, eventually leading to the 
redesign of the company’s information systems. The 
methodology further extends current practices, by 
providing a dashboard of KPIs within the PsFlow 
software, used to assess the performance of the future 
production system (see table 2). Some of these indicators 
may also be automatically computed, using commercial 
Visual Interactive Modelling Systems [19], such as 
SIMIO simulation tool (www.simio.org). Other tools 
that may be used for assessing the VSD include ROI.  
In the fifth stage of the proposed methodology, a set 
of indicators is provided that are related with the level of 
occupation of the equipment and with the worker 
profiles. Moreover the VsdVsm software allows the 
definition of alternative VSD scenarios in terms of 
demand levels and target product mix, and performs a 
scenarios comparative analysis. Depending on the value 
of the associated indicators, practitioners may analyze 
for example the level of occupation of each equipment 
or worker profile, and check the impact in the overall 
production system of additional equipment or extra work 
hours or resizing manpower. Therefore valuable 
information for operations planning and decision support 
can be obtained. 
The next stage of the methodology encompasses the 
design of the industrial layout that best fits the VSDs for 
all the product families. A proximity matrix is used for 
clustering resources that should be placed near each 
other under the perspective of the best products flow 
(VSD). Other perspectives may be considered such as 
the proximity / appeal to the customer. Then, once the 
“scaled” equipment is “placed” on the industrial plant, 
the final layout is progressively improved, in a process 
involving the company’s experts. To complete this stage, 
the logistic infrastructures are specified in detail. A 
payback analysis may help justify the investment in new 
logistic movers. 
 
Table 2 – Key performance indicators 
KPI  Definition 
Takt time min Average response time of the 
production system - the time needed 
to  finish a complete product to meet 
customer demand 
Commercial lead 
time 
min Time elapsed between the reception 
and the fulfillment of a customer’s 
order 
Production lead 
time 
min Time elapsed between the reception 
of the raw materials/components and 
the product expedition 
Service level % Ratio between the number of 
customer’s orders delivered in the 
first agreed date and the total 
number of customer’s orders 
received 
Area occupied m2 Area occupied by the production 
system 
Added value time min Total time correspondent to the 
value-added operations 
Total distance km Total travelled distance  
Stock value € Average cost of the stock levels, 
including raw-materials, work-in-
progress and finished products 
Operational cost € Total cost of the operations 
performed for producing one unit of 
the product 
Annual operational 
cost  
€ Sum of the operational costs per 
year, over all the VSM families 
Equipment/worker 
profiles in overload 
 Number of equipment/worker 
profiles whose capacity is used at 
more than 100% 
Equipment/worker 
profiles close to 
overload 
 Number of equipment/worker 
profiles whose capacity is used 
between 90% and 100% 
Added value per 
person 
€/ 
person 
Monthly turnover per number of 
workers 
Resource 
productivity rate 
% Ratio between productive time and 
available time per resource 
 
 
 The last stage of the methodology encompasses the 
definition of an implementation plan for the transition 
from the current stage to the future VSD and layout.  
 
3. Case study and preliminary results 
The proposed methodological approach has been 
implemented for designing the new production system 
and the new industrial layout for Adira (www.adira.pt). 
This machinery manufacturing company produces from 
raw material-to-product three main types of products – 
shears, press brakes and laser machines – in small series 
590   Alexandra F. Marques et al. /  Procedia CIRP  7 ( 2013 )  586 – 591 
 
and according to the specifications of the customers. The 
main challenge we have faced was to develop a master 
plan for the plant design, grounded in flexibility, higher 
product customization and efficiency principles, for 
extending the production capacity from 25 to 40 million 
Euro of yearly turnover. This was part of a broader, 
strategic goal, to set the ground for a new European 
Demo Center.  
The preliminary results show that the proposed 
methodological approach successfully led to the 
integrated design of all the components of the production 
system (including operations planning and scheduling, 
defining the layout of the production equipment, and 
sizing the logistics infrastructure). In particular, the 
diagnosis phase (AS IS) was based on the information 
gathered by Adira in the PsCap application, and led to 
separate VSM representations that clearly characterize 
the currently independent production systems for shears, 
press brakes and laser machines. The process mapping 
analysis was used for identifying opportunities to 
improve the handling of costumers’ orders and 
contracting with vendors that will hopefully lead to a 
significant reduction of the production lead time.  
The company’s administration board took part in the 
project for setting the strategic goals, in terms of weekly 
demand and production lead times for each VSM family. 
This has been used to guide the design of the future 
production system.  
As a result of the VSM analysis, standard press 
brakes and shears were combined into a new integrated 
VSD, enhancing late customization and flexibility (see 
Figure 1). The production of the machine structures and 
other components was implemented in a pull flow 
system. Components were produced in a job-shop. 
Stocks have been normalized through the introduction of 
a supermarket for structures after machining operations, 
and a supermarket for components class “A” before pre-
assembly. Moreover a new assembly line was proposed 
for producing the full products according to the 
customers’ orders. A FIFO lane assures the direct 
transport from assembly to customization. The 
replenishment of the working cells and the supermarkets 
will be done by one AGV. This integrated approach 
further delivered the AGV specifications, tailored to fit 
the requirements imposed by the size and weight of the 
machine components.  
The proposed future production system will hopefully 
lead to a turnover of 40 million Euro, increasing the total 
number of machines produced per month from 20 to 
around 38. The production lead-time was reduced from 
30 to 10 days both for shears and for Press Brakes, and 
from 44 to 22 days for laser machines. A robustness 
analysis was performed, suggesting that the equipment 
productivity rate can be improved by 65%. The future 
solution requires 39% less human resources, therefore 
increasing in 53% the added value per worker.  
It should be noted that the design of the future 
industrial layout was constrained by the actual shape of 
the existing building, taking into account that there were 
5 loading docks, a painting tunnel heavy machinery and 
a raw-material warehouse already in-site (see Figure 2). 
Consequently, the operations related to manufacturing 
the machine structures and components (steel 
processing, welding) were placed close to the raw-
material warehouse in the so-called “dirty” area. 
Machining was put close to the painting tunnel and close 
to the job-shop areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Value Stream Design for Press Brakes and Shears 
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The assembly of laser machines was located close to an 
expedition dock. Another assembly area for large 
tonnage, built on-demand machinery was created close 
to the other expedition dock. Therefore, the assembly 
line for shears and press brakes was located farther from 
the expedition dock than expected. 
 
Figure 2 – Proposed industrial layout 
 
 
The entire project lasted for 40 days. The 
involvement and commitment of the experts’ team from 
Adira was key for the project success. This team took 
the lead in some methodological stages (e.g. data 
gathering, make-or-buy analysis), making full use of the 
toolbox. Weekly workshops were promoted for 
discussing the results with the consultancy team.  
 
4. Concluding remarks 
The integrated methodological approach proposed in 
this work addresses all the components of production 
systems, including operations planning and scheduling, 
defining the layout of the production equipment, and 
sizing the logistics infrastructure. This approach and the 
developed tools, some of them driven from lean 
techniques, seems to be adequate for designing and 
assessing new flexible production systems to tackle 
small series and highly customized products.  
Future work will improve this methodological 
approach through the development of robust web tools 
built based on the PsCap and PsFlow software. 
Additional work will disseminate this approach in 
consultancy companies and look for its continuous 
improvement and wider application in many industrial 
sectors. 
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